Molecular dynamics modeling shows that multiwall carbon nanotubes (MWCNTs) with sp 3 interwall bonding have strengths exceeding those of single-wall carbon nanotubes (SWCNTs) containing the same size initial intrawall defect, and are far less sensitive to defect size. Thus, although processing methods used to increase interwall coupling also create intrawall defects, analyses here show that the strengthening effects and enhanced load transfer compensate for the creation of defects and make MWCNTs with interwall bonding preferable to SWCNTs as mechanical reinforcements in composites. These results are consistent with new experimental data and suggest a new design methodology for CNT-based composites. DOI: 10.1103/PhysRevLett.103.045502 PACS numbers: 62.25.Mn, 61.48.De, 62.23.Pq The use of carbon nanotubes to reinforce polymer, ceramic, and metal matrices to achieve enhanced stiffness, strength, and toughness, in a wide array of applications has exploded in the last several years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Single-wall carbon nanotubes (SWCNTs) appear ideal, with theoretical tensile strengths approaching 100 GPa [11] [12] [13] [14] . But, like most brittle materials, SWCNTs contain fabrication defects that lower their strengths below the ideal level [15, 16] . In many applications, multiwall CNTs (MWCNTs) have been used due to their lower cost, availability, and ease of fabrication [4, [7] [8] [9] [10] . MWCNTs have the possibility of interwall coupling between the graphitic CNT walls [17] [18] [19] [20] [21] . Molecular dynamics (MD) models show that interwall coupling improves interwall shear strength and load transfer [21] [22] [23] [24] and compression buckling resistance [24] . Calculations also predict the presence of strength-reducing intrawall defects [13, 14, [25] [26] [27] . However, MWCNTs grown by chemical vapor deposition (CVD), which should contain a high level of defects, have strengths greater than either SWCNTs or MWCNTs grown by arc discharge, and the strengthening is attributed to interwall coupling [28, 29] . Recent experiments by Peng et al. [30] clearly showed that the outer wall of an uncoupled MWCNT can have similar strength to that of a SWCNT with small defects and that irradiating MWCNTs induces interwall coupling that leads to much higher loadcarrying capacity with little loss of strength. In spite of significant experimental efforts to measure strengths of MWCNTs [28, 31, 32] , no modeling work to date has investigated MWCNT tensile strength.
The use of carbon nanotubes to reinforce polymer, ceramic, and metal matrices to achieve enhanced stiffness, strength, and toughness, in a wide array of applications has exploded in the last several years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Single-wall carbon nanotubes (SWCNTs) appear ideal, with theoretical tensile strengths approaching 100 GPa [11] [12] [13] [14] . But, like most brittle materials, SWCNTs contain fabrication defects that lower their strengths below the ideal level [15, 16] . In many applications, multiwall CNTs (MWCNTs) have been used due to their lower cost, availability, and ease of fabrication [4, [7] [8] [9] [10] . MWCNTs have the possibility of interwall coupling between the graphitic CNT walls [17] [18] [19] [20] [21] . Molecular dynamics (MD) models show that interwall coupling improves interwall shear strength and load transfer [21] [22] [23] [24] and compression buckling resistance [24] . Calculations also predict the presence of strength-reducing intrawall defects [13, 14, [25] [26] [27] . However, MWCNTs grown by chemical vapor deposition (CVD), which should contain a high level of defects, have strengths greater than either SWCNTs or MWCNTs grown by arc discharge, and the strengthening is attributed to interwall coupling [28, 29] . Recent experiments by Peng et al. [30] clearly showed that the outer wall of an uncoupled MWCNT can have similar strength to that of a SWCNT with small defects and that irradiating MWCNTs induces interwall coupling that leads to much higher loadcarrying capacity with little loss of strength. In spite of significant experimental efforts to measure strengths of MWCNTs [28, 31, 32] , no modeling work to date has investigated MWCNT tensile strength.
Here, we show via simulation that MWCNTs with sp 3 interwall bonding have strengths exceeding those of SWCNTs containing the same size initial intrawall defect. Increasing interwall bonding also causes planar fracture rather than ''sword-and-sheath'' fracture. We further argue that MWCNTs with sufficient interwall bonding should have a minimum strength of 35-45 GPa. These results are consistent with the new experimental data [30] . The strengthening effects of interwall bonding can compensate for the creation of defects during irradiation, so that MWCNTs with interwall bonding can be preferable to even the smallest and strongest SWCNTs for use as mechanical reinforcements in composites. Molecular dynamics (MD) was used to simulate nanotube failure [12] [13] [14] [21] [22] [23] [24] . We study (50,0) single-wall CNTs (diameter ¼ 4 nm), ð50; 0Þ=ð41; 0Þ double-wall CNTs (DWCNTs) [ Fig. 1 ] and ð59; 0Þ=ð50; 0Þ=ð41; 0Þ triple-wall CNTs (TWCNTs), of length 11.8 nm, sufficient to preclude end effects. DWCNTs and TWCNTs were populated with randomly-distributed interwall sp 3 bonding of variable density (number of sp 3 bonds between walls divided by average number of atoms in the two walls) [33] . Crack-like defects were introduced at the middle cross section of the (50,0) wall by removing hexagonal units of carbon in a horizontal line [14] . Defect length is defined as the distance between the intact C-C bonds on either end of the defect. Hydrogen atoms saturate the dangling bonds, as expected for MWCNTs grown by CVD.
The Tersoff-Brenner potential [34] with a modified cutoff to improve bond breaking [35] was used, with a Lennard-Jones model for nonbonded interwall interactions [36, 37] connected to the bonding potential via cubic splines. This potential underestimates nanotube strength compared to quantum calculations [14] , but absolute strengths are not crucial to our major conclusions. Nanotubes were relaxed for 18.75 ps at T ¼ 0:5 K using a Berendsen thermostat [38] and a 0.25 fs time step. Loading was applied by fixing the z displacements of the bottom two rings of C atoms and displacing the top two rings vertically by 0.025 Å every 0.25 ps. Total force was Figure 2 shows the strength versus defect size and nanotube structure. For SWCNTs and DWCNTs with no interwall bonding, the defect-free strength is 82 GPa (as in [14] ). Strength decreases with increasing defect size as / c À , % 0:4 ( Fig. 2, inset ), close to the value % 0:5 predicted by fracture mechanics for a sharp crack in a brittle material. DWCNTs with 2.5% sp 3 interwall bonding show entirely different strength scaling ( Fig. 2 and inset), decreasing slowly with increasing defect size as / c À , % 0:14. With no defects, these tubes are weaker than SWCNTs due to disorder induced by sp 3 bonds ( Fig. 1 ) but with defects larger than 1 nm the strength is larger than that for a SWCNT. The weak scaling shows that DWCNTs are toughened by sp 3 bonding. The inner wall constrains the opening of the outer wall crack via stretching of interwall bonds, decreasing the crack-tip stresses and being more effective for larger defects, thus decreasing the scaling exponent. This mechanism is similar to the strengthening of a thin brittle film on a tough elastic substrate [39] . Strengths of TWCNTs with 2.5% sp 3 bonds are even larger because the outer wall provides additional constraint. Figure 2 also shows the strengths for DWCNTs with 0.5% and 1.5% sp 3 bond fractions; strengths are reduced relative to the 2.5% case because of the weaker mechanical constraint. However, the DWCNT strength is larger than the SWCNT strength. With this mechanistic insight, we conclude that the MWCNT strength is higher than that for SWCNTs, and can be insensitive to defect size for sizes beyond one or two vacancies. This is the first main result of this Letter.
A lower bound for strengths of MWCNTs with interwall bonding can be estimated. For high interwall bonding in a many-walled CNT, failure of the outer wall at increases the stress on the inner neighbor to 1:5 [40] . This suggests a minimum MWCNT strength of min % o =1:5 where 0 is the defect-free strength. With 0 % 63 GPa (Fig. 2) , we find the value min % 42 GPa that is within 5% of our simulation data on TWCNTs and 5%-10% of our data for 1.5% and 2.5% DWCNTs. This estimate ignores ''weak-link'' size effects [41] but shows that strengths for MWCNTs with many walls should exceed those of SWCNTs with defects larger than 1.7 nm.
The fracture mode changes with sp 3 density. For high sp 3 bonding [2.5%; Fig. 3(a) ], a high stress concentration occurs in the neighboring wall, resulting in near-planar fracture. Low sp 3 bonding [0.5%; Fig. 3(b) ] increases the length over which stress is transferred among walls, such that the inner wall fails at a slightly weaker location away from the outer wall fracture plane, leading to the ''swordand-sheath'' failure mode. For intermediate sp 3 bonding (1.5%), the failure mode varies depending on the sp 3 bond distribution. A TWCNT can show features of both modes as well [ Fig. 3(c) ]. This transition in fracture mode is consistent with experimental observations [28] [29] [30] and is the second main result of this Letter.
We now compare our results to recent experimental data [30] . The first six columns in Table I present the data published by Peng et al. on six specific MWCNTs of varying diameters, exposed to varying degrees of irradiation, including the number of walls coupled by interwall bonding as measured after fracture. The number of loadbearing walls increases with increasing irradiation dose, because irradiation creates interwall bonding and at increasing depths into the MWCNT. The unirradiated samples (1,2,3) have no interwall bonding and thus fracture as if they were SWCNTs with an average strength of 
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week ending 24 JULY 2009 045502-2 102 GPa corresponding reasonably to first-principles calculations of SWCNTs with single vacancies. The strength of a SWCNT with a single vacancy using the present potentials is 65 GPa [14, 34] . The nanotube deformation is essentially elastic so a useful comparison between experiments and MD simulations is obtained by considering strength ratios. These ratios are calculated in Table I by dividing the experimental data by 102 GPa and our MD data by 65 GPa. Table I shows good agreement between experimental and simulation strength ratios except for Sample 6. This discrepancy suggests that the high irradiation for Sample 6 induces large defects correlated between successive walls, consistent with a greatly-reduced elastic modulus and evidence of amorphous carbon [30] . Our results are thus consistent with the quantitative data of Peng et al.; this is the third main result of this Letter. We now examine some basic design concepts for use of MWCNTs in composites that are essential for making decisions on fundamental material design of nanocomposites for high strength. Nanocomposites may consist of aligned, partially-aligned or random CNTs, but tensile strength is generally controlled by the fraction of reinforcements within some angle of the tensile loading axis [42] . Thus, micromechanical theories for aligned fibers provide a guide for design of the CNT reinforcements. In a composite with aligned CNTs of outer diameter D, consider a volume fraction V cnt of n-walled CNTs having nominal area 4 ðD þ tÞ 2 . The composite ultimate tensile strength uts is proportional to the actual load-bearing area fraction 
where 'ðmÞ ¼ ð
ð1=mþ1Þ is a statistical length scaling factor, and cnt is the reinforcement strength measured at gauge length L [44] . Equation (1) neglects the strength contribution of the matrix, which is small for polymers, ceramics, and most metals. The Weibull modulus, related to the coefficient of variation (COV) as m % 1:2=COV, arises from a combination of the underlying Weibull distribution of defect sizes having Weibull modulus m 0 and the defect size-scaling exponent , with m ¼ m 0 =. Thus, the low for DWCNTs with interwall bonding increases the Weibull modulus by a factor of 0:4=0:14 % 3 over SWCNTs with the same underlying defect distribution.
Within the above framework, the design trade-off is between very small diameter SWCNTs and larger n-wall MWCNTs with interwall coupling with the same V cnt (i.e., the same total amount of carbon material or the same loadbearing area of carbon), the same interface , and the same underlying statistical defect distribution m 0 . To make comparisons as favorable as possible for SWCNTs, we compare MWCNT materials to SWCNTs of the smallest feasible diameters of D SW ¼ 1:1 and 1.8 nm and the highest feasible strength of SW ¼ 100 GPa. For specific results, we use the strengths from Peng et al. at L ¼ 2000 nm, a value ¼ 50 MPa typical of polymer, metal, and ceramic matrices [44] , and m ¼ 7 typical of good-quality carbon fibers. Then, 'ð3mÞ='ðmÞ [30] . b Reference [14, 34] . SWCNTs are brittle materials ( Fig. 2 ) and so asprocessed SWCNT strengths could be lower than 100 GPa. Functionalization of SWCNTs to achieve coupling to a matrix is also accompanied by strength decreases [45, 46] . In contrast, our simulation results demonstrate that MWCNTs with interwall coupling are damage tolerant (strength weakly dependent on defect size) with high retained strengths unless exposed to harsh conditions. Considering reliability and robust design (as well as cost and manufacturability, issues not discussed here), we conclude that MWCNTs suitably designed using Eq. (1) are preferable to SWCNTs for high-performance materials. This is the fourth main result of this Letter.
In summary, we have shown that MWCNTs with interwall coupling are inherently stronger than SWCNTs with the same size initial intrawall defect, a result understood through basic mechanics considerations. We find that the measured and simulated strength ratios between irradiated MWCNTs and unirradiated SWCNTs are in reasonable agreement. We have then also shown that composites composed of MWCNTs can be as strong as composites composed of the highest-strength, smallest diameter SWCNTs, and conclude that composites with suitablydesigned MWCNTs (diameter, number of walls, and irradiation dosage) can perform better than most SWCNTbased composites. In totality, our results provide a fundamental framework for guiding the creation of highperformance composites based on MWCNTs through carefully-controlled interwall bonding. W. A. C. and Z. H. X. acknowledge support by NASA GRC 06-SSFW2-0043 and the Brown NSF MRSEC. E. M. B. gratefully acknowledges the support of Kildare County Council and U. Limerick.
